Abstract: Calcium phosphate [single-phase hydroxyapatite (HA, Ca 10 (PO 4 ) 6 (OH) 2 ), single-phase tricalcium phosphate (␤-TCP, Ca 3 (PO 4 ) 2 ), and biphasic HA-TCP] whiskers were formed by using a novel microwave-assisted molten salt mediated process. Aqueous solutions containing NaNO 3 , HNO 3 , Ca(NO 3 ) 2 ⅐4H 2 O, and KH 2 PO 4 (with or without urea) were used as starting reagents. These solutions were irradiated in a household microwave oven for 5 min. As-recovered precursors were then simply stirred in water at room temperature for 1 h to obtain the whiskers of the desired calcium phosphate (CaP) bioceramics. These whiskers were evaluated, respectively, in vitro by (1) soaking those in synthetic body fluid (SBF) solutions at 37°C for one week, and (2) performing cell attachment and total protein assay tests on the neat whiskers by using a mouse osteoblast cell line (7F2). ␤-TCP, HA, and HA-TCP biphasic whiskers were all found to possess apatite-inducing ability when soaked in SBF. SBF-soaked whiskers were found to have BET surface areas ranging from 45 to 112 m 2 /g. Although the osteoblast viability and protein concentrations were found to be the highest on the neat HA whiskers, cells were attached and proliferated on all the whiskers.
INTRODUCTION
It is known that whiskers or fibers of many materials can be synthesized; however, the preparation of non-toxic and biocompatible whiskers still remains as an important task. Asbestos whiskers, for instance, which have been used for so many decades, are now known to be biohazardous and extremely carcinogenic. 1 Toxicity and carcinogenic properties of SiC whiskers is well known. [2] [3] [4] Therefore, it is important to explore other whiskers that are more biocompatible. Human body uses only the carbonated, alkali (Na ϩ and K ϩ ) and alkaline earth (Mg 2ϩ ) ion-doped, apatitic calcium phosphate as the sole inorganic, "ceramic" phase, when and where it needs to exploit the loadbearing ability of such strong materials. Therefore, whiskers of carbonated, apatitic calcium phosphates (CaP) are non-toxic and perfectly compatible with the human body. [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] Until now CaP whiskers were synthesized with the aim of using them as possible strengthening additives for the calcium phosphate (e.g., HA: Ca 10 (PO 4 ) 6 (OH) 2 ) bioceramics. Within this context, reinforcement by whiskers has been regarded as a means of raising the fracture toughness of singlephase HA from Ͻ1 to 2-12 MPa m 1/2 . [15] [16] [17] We have recently reported 18 a novel procedure that allowed us to synthesize short whiskers of single-phase HA, single-phase TCP, or biphasic HA-TCP.
Yoshimura and coworkers 1, 7, 9, 11 laid the foundation for the hydrothermal synthesis of hydroxyapatite whiskers and also for their use in reinforcing calcium phosphate bioceramics. 19 These hydrothermal whisker synthesis procedures, which required aqueous solutions to be heated to 160 -200°C in autoclaves, are not suitable (owing to the increased solubility and/or hydrolysis of ␤-TCP phase under such conditions) for the production of ␤-TCP or biphasic ␤-TCP-HA whiskers. 20 Molten salt synthesis techniques, on the other hand, are suitable for the synthesis of monodisperse ␤-TCP or biphasic whiskers. 10 To the best of our knowledge, none of the previously synthesized calcium phosphate whiskers was in vitro tested by using the osteoblast cell lines. Until now the osteoblast attachment and proliferation have been reported only on SiC whiskers, which were used to reinforce calcium phosphate self-setting cements, bioceramics, or polymers. [21] [22] [23] [24] The apatite-inducing ability of CaP whiskers, [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] 18 when soaked in synthetic body fluid (SBF) solutions, [25] [26] [27] was also not studied or reported yet.
The present paper reports the in vitro testing of HA, TCP, and biphasic HA-TCP whiskers 18 by (1) soaking them in replenished SBF solutions for 1 week at 37°C, and (2) performing live/dead cytotoxicity counts, protein assay, and cell attachment tests by using mouse osteoblasts (7F2).
MATERIALS AND METHODS

Whisker synthesis
The details of calcium phosphate whisker preparation were given elsewhere. 18 Briefly, aqueous solutions containing dissolved NaNO 3 , Ca(NO 3 ) 2 ⅐4H 2 O, KH 2 PO 4 , concentrated HNO 3 , and urea (all reagent-grade, Fisher Chemicals, Fairlawn, NJ) were prepared in 10 mL of deionized water in 30 mL-capacity Pyrex ® beakers, as shown in Table I . The first chemical added to the beakers was NaNO 3 , while the last one was urea. Small aliquots of concentrated HNO 3 were added to dissolve back any colloidal precipitates that might have formed following the addition of Ca(NO 3 ) 2 ⅐4H 2 O and KH 2 PO 4 into the NaNO 3 solution. For each case shown in Table I , clear-transparent solutions were thus obtained. Sample beakers were then placed onto 10 ϫ 10 ϫ 1 cm 3 alumina insulating fiberboards and covered with an upside down 250 mL-capacity glass beaker. To proceed with the synthesis process, the above-mentioned sample assemblies were placed into a household microwave (MW) oven (Sunbeam, max. power 600 W, 2.45 GHz, Boca Raton, FL) for only 5 min. The MW oven was operated at its maximum power setting. At the end of 5 min of MW heating, the sample beakers reached a temperature of about 500 to 550°C and were slowly cooled to room temperature (RT), in the MW oven, during the next 20 min.
The substance in the sample beaker was then placed into 500 mL of deionized water at RT [(22 Ϯ 1)°C] and stirred with a Teflon-coated magnetic fish on a stirrer at around 300 rpm for 1 h, immediately followed by filtration (No. 42 filter paper, Whatman Int., Maidstone, England) in a vacuumassisted Buechner funnel and washing with 2 L of water. The possible influence of varying the stirring rates on whisker synthesis was not studied. At the end of filtration the effluent solutions were transparent and free of whiskers. Samples were dried overnight at 80°C in air.
Apatite-inducing ability of CaP whiskers were tested by soaking those in a synthetic body fluid (SBF) solution. The details of preparing these solutions were given elsewhere. 26 Briefly, the SBF solution we used was a Tris/HCl-buffered, 27.0 mM HCO 3 Ϫ ion-containing solution with the ion concentrations given in Table II .
The distinctive characteristic of SBF solutions utilized in this study was that they had the same carbonate ion concentration as that of human blood plasma. In vitro tests were performed in 100 mL-capacity glass bottles, which contained 2 g of HA, TCP, or biphasic HA-TCP whiskers (in powder form) and 90 mL of SBF solution. Sealed bottles were kept in an oven at (37 Ϯ 1)°C for a total duration of 1 week. However, after every 48 h, the used SBF solution was replenished with a fresh one. Recovered samples (after 1 week) were washed with an ample supply of deionized water, followed by drying at 37°C for 48 h in air.
Sample characterization
Samples were characterized by powder X-ray diffraction (XRD) (XDS 2000, Scintag, Sunnyvale, CA), Fourier-transform infrared spectroscopy (FT-IR) (Nicolet 550, ThermoNicolet, Woburn, MA), field-emission scanning electron microscopy (FESEM) (S-4700, Hitachi, Tokyo, Japan), and inductively-coupled plasma atomic emission spectroscopy (ICP-AES) (61E, Thermo-Jarrell Ash, Woburn, MA) analyses. X-ray diffraction spectra of the SBF-soaked whisker samples were collected (in bulk powder form) over the 2 range of 20 -45°by using monochromated Cu K␣ radiation (40 kV, 30 mA) with a step size of 0.02°and a preset time of 1 s. XRD 0.5 0.5 spectra of the neat whiskers were previously reported elsewhere. 18 IR data of the SBF-soaked samples were again collected in powder form, and the samples were directly placed onto the diamond ATR holder of the FT-IR spectrometer. This spectrometer was equipped with an Endurance Foundation Series single-bounce diamond ATR (50°incidence angle), and 32 scans were performed at a resolution of 2 cm Ϫ1 . SBF-soaked whisker samples were sputter-coated with a thin Pt layer, just prior to imaging with the FESEM, to improve their conductivity. Samples studied by ICP-AES analyses were first dissolved in nitric acid prior to measuring the concentrations of Ca, P, Na, and K.
The sizes and dimensions of the synthesized whiskers were measured from the FESEM photomicrographs, and previously reported elsewhere. 18 The BET surface area of samples (both neat and SBF-soaked whiskers) was determined by applying the standard Brunnauer-Emmet-Teller method to the nitrogen adsorption isotherms obtained at Ϫ196°C using a Micromeritics ASAP 2020 instrument (Norcross, GA). Nitrogen adsorption-desorption isotherms were measured at relative pressures between 10 Ϫ2 and 1. Surface area measurements were performed in triplicate.
In vitro tests
7F2 mouse osteoblast cells (CRL-12557, American Type Culture Collection, Rockville, MD) were grown on 75 cm 2 culture flasks at 37°C and 5% CO 2 in alpha-minimum essential medium (MEM) with 2 mM 1-glutamine and 1 mM sodium pyruvate, without ribonucleosides and deoxyribonucleosides, augmented by 10% fetal bovine serum (FBS). 28 The culture medium was changed every other day until the cells reached a confluence of 90 -95%, as determined visually by an inverted optical microscope. The cells were then passaged using trypsin (2.5 g/L) EDTA (25 mM) solution (Sigma-Aldrich).
The cells were then seeded at a concentration of 10,000 cells/well on approximately 6 mm (diameter) ϫ 6 mm (height) cylindrical samples for various assays. Neat whisker powders were compacted in a stainless steel die (6 mm diameter) under a constant load of 10 kg, which was applied for 5 min. Sintered Al 2 O 3 discs were used as the control samples in the cell culture tests.
Cell viability assessment was performed after 72 h and total protein amounts were measured after 7 days in a 96-well cell culture plate. The medium was replenished after the first day, and then on every 48 h during the course of the experiments. After the prescribed time period for each test, substrates were rinsed with phosphate-buffered saline (PBS) solution to remove any non-adherent cells.
After 72 h, live/dead cells were counted on the samples. The unattached cells were collected by trypsinization with 0.5 mL/well trypsin-EDTA solution and were incubated for 10 min. The cells were collected in a conical tube, 1 mL of media was added and centrifuged for 5 min at 1000 rpm. The pellet formed at the base was resuspended in 1 mL media. Finally, trypan blue was added and the cells were counted under an optical microscope. Only cells that stain blue were deemed necrotic because of plasma membrane damage.
The total protein assay was measured using BCA™ Protein Assay Kit (Pierce Biotechnology, Rockford, IL). A working reagent (WR) was prepared by mixing 50 parts of BCA Reagent A with 1 part of BCA Reagent B. A 200 L aliquot of the above-mentioned WR was added to each well and thoroughly mixed. Following mixing, the cell culture plate was covered and incubated at 37°C for 30 min. The absorbance at 562 nm was measured with a spectrophotometer at room temperature. A standard curve was prepared by plotting the average blank-corrected 562 nm measurement for BSA standard versus its concentration in g/mL. Protein concentration of each sample was then determined by using this standard curve.
Osteoblast attachment and proliferation on the samples were examined by using FESEM. Prior to FESEM investigations, cells were fixed by using 3.5% glutaraldehyde. The cells were dehydrated with increasing concentrations of ethanol (50, 75, 90, and 100%) for 10 min each. Critical point drying was performed according to the previously published procedures. 28, 29 Samples were sputter-coated with a very thin layer of Pt prior to the FESEM imaging at 5 kV.
Statistics
All cell culture experiments were performed in triplicate and the data were expressed as the mean of three experiments. Statistical analyses were performed using SPSS 8.0 software (Chicago, IL). Fisher's Least Significant Difference (LSD) test was used at a confidence level of 95%, therefore, p values Ͻ0.05 were considered significant.
RESULTS AND DISCUSSION
Figures 1(a) and 1(b) display the SEM morphology of the starting ␤-TCP (whitlockite) whiskers used in this study. The morphology of HA and biphasic HA-TCP whiskers were the same as reported previously. 18 The biphasic whiskers initially contained 60% TCP and 40% HA, prior to the SBF-soaking. Inductivelycoupled plasma (ICP-AES) analyses of the starting whiskers of HA, TCP, and biphasic HA-TCP revealed that they contain around 1.5 wt % Na and 250 ppm K. With such a presence of alkali ions, it becomes impossible to name these whiskers as fully stoichiometric HA or TCP. The mineralized portion of human bones does not consist of pure Ca 10 (PO 4 ) 6 (OH) 2 , rather it contains elements like Na ϩ , K ϩ , and Mg 2ϩ up to the significant level of 1.3 wt %. 15 Bone mineral is also rich in carbonate ions, that is, 5.8 wt % of its total weight. 15 The SEM photomicrographs of Figure 2 Powder X-ray diffraction and FT-IR data for the SBF-soaked whiskers are given in Figures 3 and 4 , respectively. Prior to collecting these XRD and FT-IR data, the SBF-soaked whiskers (2 g in each SBF-soaking bottle) were ground into a fine powder by using an agate mortar and a pestle. The XRD and FT-IR data presented in Figures 3 and 4 , therefore, were not limited only to the surfaces of the whiskers. According to the XRD data, TCP whiskers almost completely transformed into apatitic calcium phosphates (Fig. 3) after one week of soaking in the synthetic body fluid. Since SBF solutions can only form apatitic CaP (but not TCP), neat HA whiskers soaked in SBF solutions again yielded characteristic HA diffraction patterns (Fig. 3) . On the other hand, XRD peaks for crystalline ␤-TCP were still visible in the SBF-soaked biphasic HA-TCP samples.
FT-IR data of Figure 4 revealed the presence of CO 3 2Ϫ (1480 -1420 and 873 cm
Ϫ1
) and HPO 4 2-groups (870, 1133 and 1210 cm Ϫ1 ) in all the SBF-soaked samples. 31 Most of the time it may become somewhat difficult to distinguish between the resembling FT-IR spectra of ␤-TCP and HA, and for this purpose the FT-IR trace of single phase ␤-TCP (Ͼ99%, Fluka) powders is presented here in Figure 5 . For ␤-TCP, there were no absorption bands present over the range 4000 and 1300 cm Ϫ1 . It is visible from Figure 5 that there are at least 25 absorption bands in the characteristic FT-IR trace of pure ␤-TCP samples.
Relying on the experimental solubility values of some of the calcium phosphate phases reported by Tang et al., 32 it is seen that the dissolution rate of ␤-TCP (i.e., 1.26 ϫ 10 Ϫ4 mol/(m Ϫ2 min Ϫ1 )) in an aqueous solution at a pH of about 6 is about 89 times greater than that of carbonated apatite, 1.42 ϫ 10 Ϫ6 mol/(m Ϫ2 min Ϫ1 ). According to this, it is not difficult to assume that the whiskers of ␤-TCP of this study would dissolve in the SBF solution (in 1 week, at 37°C) at a much faster rate than those of HA. The dissolution of ␤-TCP in aqueous solutions can be described by the following reaction
During the dissolution of ␤-TCP, the above aqueous ions combine to form what is known as calcium-deficient hydroxyapatite (CDHA), Ca 9 (OH)(HPO 4 )(PO 4 ) 5 .
33
CDHA can also incorporate CO 3 2Ϫ ions, and it lacks one Ca 2ϩ and one OH Ϫ in the unit cell of its crystal structure. CDHA yields the same XRD pattern with that of stoichiometric hydroxyapatite, HA.
The bottom XRD trace shown in Figure 3 , thus, belonged to the newly formed CDHA on and along with the initial TCP whiskers, prior to their total consumption during the process, and this pattern was difficult to differentiate from that of HA. The original ␤-TCP whiskers, in a sense, behaved like a "guiding scaffold" for the formation or regeneration of nanotextured CaPs with a rod-like morphology. The detection of HPO 4 2Ϫ bands in the FT-IR data of Figure 4 also confirmed the formation of carbonated CDHA after soaking the whiskers in SBF. 34 Such non-stoichiometric, carbonated apatitic calcium phosphates can readily accommodate a Ca/P molar ratio between 1.67 and 1.33 (i.e., octacalcium phosphate, OCP, Ca 8 H 2 (PO 4 ) 6 (5H 2 O). OCP is an acidic calcium phosphate salt, and the formation of it in neutral aqueous high Ca/P molar ratio (2.5), and therefore, even when they are optically transparent, they contain calcium phosphate clusters with sizes around 10 Å. 35 These CaP clusters were first described by Betts and Posner 36 to have the Ca 9 (PO 4 ) 6 stoichiometry, and are known as Posner clusters. These clusters present in the SBF solutions aggregate to produce the biomimetic CaP nanotexture, while filling the intercluster spaces with water and bicarbonate molecules. Dorozhkina and Dorozhkin 37 quantitatively confirmed the carbonated nature of such clusters when the clusters reached the micron-size range.
Dissolution of ␤-TCP provided the SBF solution, at the dissolution interface, with the aqueous ions given in Eq. (1), and we speculate that the presence of these ions triggered the hexagonal packing of Posner clusters 35 present in the SBF to form petal-or flake-like, apatitic calcium phosphates on the whiskers [Figs. 2(a) and 2(b)]. When HA was present as a phase, either in pure HA or biphasic HA-TCP samples, in those whiskers (since it had a significantly lower solubility in comparison with ␤-TCP), the supply of those ions to the solution was reduced. This was probably why the XRD traces (Fig. 3) The characteristic surface morphology of the neatwhisker cylinders (6 mm ϫ 6 mm) on which the osteoblast cells were cultured is given in the SEM micrograph of Figure 6 . As a result of the pressing action, whiskers formed a porous compact while maintaining their individual shapes. Mouse osteoblast cells (7F2) cultured on compacted whisker samples (as is, neat, not soaked in SBF) exhibited differences in terms of the number of attached cells and protein concentration, as presented in Figures 7(a) and 7(b) . The highest values of attached cells and the protein concentrations were observed for HA whisker compacts.
The results of the Fisher's least significant difference (LSD) test are shown in Table IV . LSD test is basically a student's t test using a pooled error variance, and is suitable for making pair-wise comparisons among a set of t population means. In Table IV , p values less than 0.05 indicated that there was a statistically meaningful and reliable difference. In other words, the cell attachment and protein concentrations registered for the Al 2 O 3 control samples were statistically different than those of all the CaPs of this study.
At the significance level of 0.05, when TCP was compared with HA in terms of cell attachment and total protein concentration, the p values for both LSD tests came out to be less than 0.05 (as shown in Table  IV ). Therefore, we are 95% confident that there is a difference in cell viability and total protein concentration between HA and TCP whisker compacts. However, it was not possible to detect any statistical difference between HA-TCP and TCP or HA-TCP and HA in terms of number of cells attached and protein concentration.
Osteoblast attachment and proliferation on the surfaces of whisker compacts was evaluated by FESEM, and given in Figures 8(a)-8(f) . Osteoblasts were attached to the surfaces of all the whisker compacts tested here; however, the high-magnification micrographs showed slight differences in osteoblast proliferation.
Osteoblast behavior is sensitive to the biochemical and topographical features (i.e., chemical and physical microarchitecture) of their substrate. The ideal and most preferred surface used by osteoblasts in vivo is the osteoclast resorption pits. 38 The cell attachment and the protein assay histograms given in Figures 7(a) and 7(b) clearly showed that the CaP whisker compacts always performed better than the control samples of sintered, dense Al 2 O 3 . Mouse osteoblasts were also able to differentiate between the chemical composition of the CaP whiskers [Figs. 7(a) and 7(b)]. In other words, osteoblasts favored whiskers of hydroxyapatite (HA) than those of over ␤-TCP or biphasic HA-TCP. It is a well-known fact that the surface chemistry of a material determines the initial in vitro interactions of proteins, such as fibronectin with integrin cell-binding domains, which in turn regulate the cell adhesion process. Osteoblast response to the CaP surfaces of this study can be regarded as the sum of their ability to attach, proliferate, and differentiate. In the attachment stage, osteoblast filopodia explore the substrate topography for areas to which a greater surface area of the cell can adhere. These filopodia are used in sensing the substrate, and they extend over significant distances to find areas appropriate for attachment. 39 The FESEM micrographs of Figure 8 revealed these extended filopodia and their attachment to the individual whiskers in the whisker compact used in the in vitro tests.
Cells are known to extend fewer filopodia while still in the process of migration than once permanently settled in place. 40 Sun et al. 41 exposed cells to calcium phosphate particles and reported that HA particles (100 nm) or ␤-TCP particles (100 nm) inhibited the growth of primary mouse osteoblasts, while causing an increase in their expression of alkaline phosphatase. 42 In addition, Pioletti et al. 43 observed a decrease in growth, viability, and synthesis of extracellular matrix (ECM) in primary mouse osteoblasts that were exposed to ␤-TCP particles (1-10 m) or CaHPO 4 ⅐2H 2 O particles (1-10 m). A 90% decrease in viability was reported by Pioletti et al. 43 when evaluated using a Live-Dead assay similar to what we have used in this study. Our results with the ␤-TCP whisker compacts [Figs. 8(a) and 8(b)] also confirmed the findings of Pioletti et al. 43 The bone depositing cells (i.e., osteoblasts) always prefer more basic surfaces to attach and proliferate, and this was also confirmed in the present study. The surface basicity of the whisker compacts increased in going from ␤-TCP (neutral pH) to HA (pHϾ 9). The pH values of as-synthesized whiskers were measured, at 37°C, by inserting a pH electrode into suspensions prepared by adding 1 g of whiskers into 5 mL deionized water, and after keeping the whiskers in these for 15 min. The micrographs of CaP particles and other bioactive materials have been used as fillers in polymer-based bone cements to improve their mechanical properties. 44 -47 SiC whiskers were also used as fillers, for instance, to reinforce Bis-GMA-based dental resins to extend their use to large load-bearing restorations. 20 The SiC whiskers possessed a high structural perfection resulting in superior strength values. While plain whiskers did not significantly strengthen the resin matrix, silica coating (on the whiskers) was reported 48 to roughen the whisker surfaces and enhanced whisker retention in the matrix, resulting in strong composites with substantially increased strength and toughness. Nevertheless, even calcium carbide "ceramic" particles are not resorbable in vivo, and their cytotoxicity behavior, in case they go into the bloodstream of a patient and possibly end up in kidneys and/or liver are not known at all. 49 The SBF-soaked ␤-TCP, biphasic HA-TCP, and HA whiskers reported in this study were found to possess high BET surface area values, in comparison with neat whiskers of the same compositions. Our research on the incorporation of SBF-soaked whiskers having such a special surface topography into biopolymer matrices, such as cross-linked gelatin, keratin or alginates, is in progress, which we plan to report in due time.
CONCLUSIONS
(1) Whiskers of ␤-TCP, biphasic HA-TCP, and HA have been synthesized by using a microwaveassisted molten salt synthesis procedure.
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(2) Upon soaking in synthetic body fluid (SBF) solutions for 1 week at 37°C, all the whiskers of this study were observed to form petal-or flake-like CaPs on their surfaces, while still retaining their global whisker-like shapes. 
